Pipeline structures are important structural components that cannot be replaced in actual engineering applications. Damage to a pipeline structure will create substantial safety hazards and economic losses in a project. erefore, it is extremely important to study damaged pipeline structures. In this paper, L(0,2) mode guided waves are used to identify, locate, and image single and double defects in straight pipe structures. For the case where there is a single defect in the straight pipe section, the influence of different excitation frequencies on the reflection coefficient of L(0,2) modal guided wave is studied, and the optimal excitation frequency of L(0,2) guided wave is 70 kHz when single damage is determined. For the case of double defects in the straight pipe section, the double-defect size, the distance between the defects, and the relative defect positions are studied, and the influence of the defect recognition effect is analyzed. e propagation path of the ultrasonic guided wave in the double-defect pipe section is analyzed. Finally, the effectiveness of the three-point axial positioning method and damage imaging method is verified by the single-defect tube segment ultrasonic guided wave flaw detection experiment.
Introduction
As one of the important forms of modern industrial transportation, pipeline transportation has substantial advantages in the transportation of gases, liquids, and slurries and is widely used in several fields, such as natural gas and petroleum transportation. However, pipelines work in harsh conditions, such as underground or in water. Cracking and leaking are likely to occur in response to external damage, bacterial corrosion, damage to the anticorrosion layer, and other factors, which in turn cause major problems, such as property damage, environmental damage, and casualties [1, 2] . Regular monitoring and testing of pipelines in densely populated areas and environmentally protected areas is an effective means to provide safe protection for pipelines. In ultrasonic inspections of pipelines, an ultrasonic guided wave propagates rapidly along the tube wall and experiences a small attenuation of its own energy over a long distance; ultrasonic guided waves can comprehensively detect the structure of a pipeline. erefore, the use of ultrasonic guided waves is an ideal technical method to detect damage in a pipeline [3] .
As early as the end of the 19th century, guided waves were used to study hollow cylinders on the basis of cylindrical guided wave theory. Love [4] analyzed and studied the propagation law of ultrasonic guided waves in hollow cylindrical shells based on the theory of plates and shells. In the middle of the 20th century, Davies [5] performed a detailed analysis of longitudinal mode guided waves in a free rod. Gazis [6] solved the steady-state harmonic solution of a wireless long hollow cylinder and presented the dispersion curves of the axial mode and the torsional mode. In the late 1980s, Silk and Bainton [7] began to use piezoelectric ceramic probes as excitation sources to excite longitudinal mode beams. According to Snell's law, the longitudinal L(0,1) and longitudinal L(0,2) modes were generated for defects. e state is distinguished, and crack detection at different depths is studied. Rose et al. [8] proposed the general principles of ultrasonic guided wave detection in pipeline structure applications and provided theoretical guidance for researchers in the direction of modal excitation of guided waves. At the end of the 20th century, based on the gradual maturity of ultrasonic guided wave excitation and signal receiving technology, Zheng et al. [9] used the FE method to establish a 3D pipe model, which simulates the applied force for generating the desired guided waves. e phenomenon shows that L(0,2) guided wave mode conversion provides valuable theoretical guidance for the pipeline on-site testing and laboratory tests. Carandente et al. [10] proposed a study of the reflection of the fundamental torsional mode T(0,1) from an axisymmetric defect with varying depth profile via finite element modeling and experimental validation. Nishino et al. [11] [12] [13] studied the guided mode transition of guided waves under different elbow angles. ey find that the influence of the curved member also complicates the explanation of the reflected signal due to the presence of local damage.
In recent years, foreign experts and scholars have been working to improve the ability of ultrasonic guided waves to detect and locate defects in pipeline structures. Mu and Rose [14] solved the problem of guided wave propagation in free hollow cylinders with viscoelastic coatings by a semianalytical finite element (SAFE) method, and theoretical proof of the orthogonality between guided wave modes in a viscoelastic coated hollow cylinder is provided by them. Deng et al. [15] used the temporal-spatial focusing effects of the time-reversal method on the guided wave inspection in pipes and improve ultrasonic guided wave detection capabilities. e phenomena of energy focusing can magnify the small defect, and the location of the defect is given simultaneously. Da et al. [16] proposed the Quantitative Detection of Fourier Transform (QDFT), a novel approach capable of providing a high level of accuracy and efficiency for nondestructive detection of defects. e proposed approach contributes to the characterization of surface defects and would also broaden the scope of nondestructive defect inspection using ultrasonic guided waves. El Mountassir et al. [17] proposed a new method for damage detection and localization of pipeline structures which is based on the sparse estimation of the measured signals by the reference signals. e sparsity helps to enhance damage detectability because a damaged signal will have a high estimation error compared to that of a healthy signal.
In this paper, based on the ultrasonic guided wave theory, the dispersion curve of the pipeline structure is drawn, and the dispersion characteristics of the guided wave are analyzed. Second, ABAQUS software is used to establish a finite element model of a pipe structure to simulate the propagation behaviours of ultrasonic guided waves in straight pipe sections and the damage identification, location, and imaging of single cracks and double cracks. Based on the ellipse localization method, we proposed a new method for damage localization of straight pipe structures, which combines the data of multiple signal receiving points and axially locates the defect boundary by a three-point positioning method. Finally, an ultrasonic guided wave detection experiment of a straight pipe section with a single defect is performed, and the results are compared with the simulation results to verify the feasibility of the simulation.
Basic Theory

Concept of Ultrasonic Guided Waves.
e propagation of mechanical vibration in an elastic medium is called an elastic wave (sound wave), the elastic medium is defined as a waveguide, and the ultrasonic wave propagating in the waveguide is called an ultrasonic guided wave. e ultrasonic guided wave is essentially a mechanical vibration generated by the disturbance source that propagates through the waveguide, which contains the information of the disturbance source (excitation) and the mechanical characteristics of the waveguide material. e frequency of the ultrasonic guided wave is higher than 20 kHz. When an ultrasonic guided wave propagates in an elastic medium, it has the advantages of good directionality, high energy, strong penetrating power, and no harm to the human body. An ultrasonic guided wave can generate reflection, refraction, and waveform conversion at the interface of the elastic medium. e ultrasonic guided wave can also be combined with the change in the intensity of the acoustic wave to determine the physical characteristics, such as the size and position of the internal defects of a component.
Drawing of the Dispersion Curve
Group Velocity and Phase Velocity of Guided Waves.
Group velocity (c g ) and phase velocity (c p ) are the two most basic concepts in guided wave theory. e group velocity characterizes the propagation velocity of the overall wave energy of a pulse wave, whereas the phase velocity is the velocity that directs a fixed phase point of the wave in the propagation direction. For waves with only a single frequency and wavelength, the phase velocity is equivalent to the group velocity. e conventional guided wave propagation velocity is the group velocity of the guided wave, and the phase velocity does not reflect the propagation velocity of the guided wave as a whole in the waveguide medium. e relationship between the group velocity and phase velocity is as follows:
Dispersion Curve.
is paper selects a 20# type steel pipe with an outer diameter of 219 mm and a wall thickness of 8 mm.
e elastic modulus of the material is 2.06 × 10 5 , Poisson's ratio is 0.305, and the material density is 7850 kg/m 3 . According to the dispersion equation, the dispersion curve is drawn in conjunction with MATLAB software, as shown in Figure 1 .
e dispersion curve shows that the L(0,2) mode wave is in the 20∼100 kHz region, and the velocity of the guided wave group hardly changes with respect to the frequency. In this frequency band, the guided wave does not have dispersion; therefore, this excitation frequency of the probe is suitable for ultrasonic guided waves. e L(0,2) mode guided wave has the largest group velocity, and the excitation waveform can be effectively distinguished from other modal waveforms.
Numerical Simulation of Ultrasonic Guided
Wave in Straight Pipe Section
Geometric Models and Material Parameters.
A finite element model is established by considering the size of the pipeline and the simulation calculation time in the actual project. is paper selects a 20# steel pipe with an outer diameter of 219 mm, a wall thickness of 8 mm, and a length of 3 m. e material parameters of the pipeline are shown in Table 1 .
Using ABAQUS, the pipeline finite element model is built as shown in Figure 2 .
Unit Type and Meshing.
Using ABAQUS to simulate guided wave propagation, the pipe must be defined as a deformable body using a C3D8R unit (eight-node linear body). To ensure the calculation accuracy and reduce the calculation time, the pipe unit size should be selected so that the unit length is less than 1/10 of the excitation guide wave wavelength; this size selection criterion will control the propagation error of the guided wave:
In the formula, the guided wave excitation frequency is the cell size. e mesh structure of the pipe structure unit is shown in Figure 3 .
Guided Wave Excitation and Boundary Conditions.
In this paper, L(0,2) mode guided waves are mainly used as excitation guided waves for ultrasonic guided wave detection. e excitation guided wave signal usually needs to be modulated by the Hanning window to solve the high-frequency interference and energy spectrum leakage in the signal; the specific formula is shown in equation (3) . e Hanning windowing process of the guided wave signal introduces a cosine window that reduces the values of the left and right edges of the waveform to approximately zero, which highlights the waveform near the centre, improves the vertical resolution, and makes the guided wave signal more characteristic.
In this formula, n represents the number of signal cycles and t represents the time interval. e waveform data corresponding to the guided wave signal are imported into ABAQUS and edited into amplitude data. e local coordinate system of the pipe end face is transformed into a cylindrical coordinate system, and the unit concentrated force is symmetrically loaded on the centreline node of the end face to excite the L(0, 2) guided wave, and the signal receiving point set is set at the node 30 cm away from the excitation end for guiding wave signal data extraction. When performing the finite element simulation, according to the needs of calculation, the boundary conditions can be simplified, wherein the environment, such as water and soil, and the supporting structure can be ignored.
Guided Wave Propagation in Defective Straight Tubes.
A permeation defect with a circumferential angle of 15°( circumferential length of 28.67 mm) and a width of 2 mm is provided at a distance of 1 m from the excitation end of the pipe section. Material damping is minimal in practice and was ignored in the model. e finite element model of the straight pipe with a single defect is shown in Figures 4 and 5.
Ultrasonic guided waves of different frequencies from 30 kHz to 100 kHz are excited at the end of the finite element model of a single-defect straight tube, and the guided wave signal is received at a distance of 30 cm from the excitation end to extract numerical simulation results. e time domain diagram of the guided wave signal is shown in Figure 6 . e numerical simulation results of the defective finite element model are extracted. e data are processed by the e displacement amplitudes of the damage signals are compared. e amplitudes of the damage signals are similar at different excitation frequencies, and the amplitudes of the damage signals are slightly higher between 60 kHz and 80 kHz than those at the other tested frequencies.
e ratio curve of the amplitude of the damage signal and the amplitude of the initial received signal is then drawn. As shown in Figure 7 , the ratio is the largest at 70 kHz, which means that the damage signal is the most substantial at this frequency; these results are consistent with those of the guided wave time domain. Combined with the time domain diagram, the damage signal is the most apparent at a frequency of 70 kHz, and thus, 70 kHz can be used as the optimal excitation frequency for ultrasonic guided wave detection.
L(0,2) Mode Guided Wave Characteristics and Double Defects
Relationship between the Guided Wave Propagation
Characteristics and Double-Defect Distance. A finite element model of a pipeline with defects was established. An annular penetration defect (distal defect 2) was set at a distance of 1 m from the excitation end, and a signal receiving end was set at a distance of 0.3 m from the excitation end of the defect. A schematic diagram of the specific model is shown in Figure 8 . To consider the influence of the relative distance of the same type of defect on the detection effect, another annular permeability defect (proximal defect 1) was set between the excitation end and defect 2, and the distance between the proximal defect and the distal defect was set to 0.5 m, 0.4 m, 0.3 m, 0.2 m, or 0.1 m. e two defects have the same axial direction, shape, and size, and the cross-sectional area ratio (A) is 8.33%. Numerical simulations were performed by ABAQUS to plot the time domain of the guided waves with different relative distances, as shown in Figure 9 . According to the guided wave time domain diagram, the existence of double defects greatly increases the complexity of the guided wave signal compared to the guided wave signal in the pipeline model with a single defect, and there are multiple obvious waveform signals in the time domain diagram. At this time, the damage echo signal can only be identified based on the shape of the waveform signal.
e time domain diagram clearly shows that the echo signal of the near-end defect decreases with increases in the relative distance, and the reflected echo signal shifts backward in the time domain diagram and gradually echoes with the far-end defect. e far-end defect and the reflected echo signals partially overlap.
e Hilbert transformation was then performed on the time domain map signal, the displacement amplitudes of each signal in the time domain diagram were highlighted, and the relative distances of the double defects were converted into distances between the near-end defect and the excitation end; then, the displacement amplitude information was extracted, and the signal amplitude was plotted. is curve is shown in Figure 10 .
As the distance between the near-end defect and the excitation end increases, the amplitude of the damage echo signal of the proximal defect decreases. is result is inversely proportional to the theory that the attenuation of the cylindrical guided wave propagation is inversely proportional to the square of the distance. As the relative distance decreases, the amplitude of the reflected echo signal of the far-end defect gradually decreases and gradually approaches the amplitude of the reflected echo signal of the near-end defect. 
Characteristics and Di erent Dimensional Defects. A nite element model of a defective pipeline was established, and a circular permeability defect (distal defect 2) was set at a distance of 1 m from the excitation end. e ratio of the cross-sectional area A was 4.17%, and the circumferential angle of the defect was 15°. A signal receiving end was provided at the centre axis of the defect and 0.3 m from the excitation end. e proximal defect 1 was located 0.7 m away from the excitation end, and defect 1 and defect 2, which were both transparent annular defects, were located on the same axis. e circumferential angle of defect 1 is varied from 15°to 90°with an angular separation of 15°. e double-defect pipeline model is shown in Figures 11 and 12. e numerical simulation in ABAQUS was used to extract the time and displacement amplitude results of the data simulation. e time domain diagram of the pipeline ultrasonic guided wave signal for plotting the change in the size of defect 1 is shown in Figure 13 . e data of the time domain graph are subjected to the Hilbert transform, the displacement amplitude of each echo signal is extracted, and the displacement amplitude variation curves of the echo signals of di erent sizes are drawn in Figure 14 .
As the size of the near-end defect increases, the amplitude of the rst received signal is almost constant, whereas the amplitude of the damage echo signal of the near-end defect increases linearly. e damage echo signal of the farend defect exhibits a decreasing trend as the near-end defect size increases, and as the size of the proximal defect increases, the attenuation amplitude decreases.
Relationship between the Guided Wave Propagation Characteristics and Circumferential Relative Defect Positions.
Distal defect 2 is xed at a distance of 1 m from the excitation end and the circumferential angle of the proximal defect is varied in relation to distal defect 1. e relative angle change interval of the proximal defect is set to be 0°to 180°with an interval of 15°. e double-defect pipeline model diagram is shown in Figures 15 and 16 . e proximal defect is 0.7 m away from the excitation end. e defect size is the same as the distal defect, and both are 30°. Both defects are transparent holes, and the circumferential position of the proximal defect is clockwise and variable.
ABAQUS was used to simulate ultrasonic guided wave propagation in a double-defect pipeline with circumferential relative positional changes. e data from the numerical simulation results are processed, the time and displacement amplitudes in the guided time domain map are extracted, and the amplitude variation curve is plotted, as shown in Figure 17 .
According to the amplitude curve of the guided wave, the displacement amplitude of the echo signal of the far-end defect rst increases and then decreases with the change in the de ection angle and then tends to stabilize. e reason for the analysis is that the ultrasonic guided wave undergoes modal transition in the near-end defect and generates a new waveform.
e propagation path of the new waveform changes with the change in the circumferential relative position and increases with the increase in the de ection angle. e group velocity of the newly generated waveform will be substantially smaller than that of the L(0,2) mode guided wave. e new waveform has a slow wave velocity and a short propagation path, whereas the L(0,2) mode waveform has a fast wave velocity and a long propagation path. erefore, di erent waveforms are observed at the receiving point. Moreover, waveform superposition occurs, which causes the amplitude curve to rise and fall.
Defect Identification and Imaging in a
Straight Pipe Segment e method adopted in this paper is to use a piezoelectric sensor array to excite the ultrasonic guided wave signal and to analyse the di erence between the excitation signal and the echo signal to realize the positioning of the structural defects in the pipeline. Meanwhile, based on the ellipse localization imaging method of plate structure [18] , the method is proposed and applied for the axial localization and damage imaging method which is suitable for both single and double defects of pipe segment.
Axial Positioning of a Single Defect in a Straight Pipe
Section. e ultrasonic guided wave signal is excited at one end of the pipe section, and the receiving point is set at a certain distance from the pipe end. e distance from the damage to the exciting end is de ned as x, the time when the signal receiving sensor receives the signal for the rst time is recorded as t 1 , and the receiving time of the damaged echo Shock and Vibration signal is recorded as t 2 . e damage axial position x can be calculated by equation (4). e schematic diagram of the calculation of the axial position of the damage is shown in Figure 18 . Shock and Vibration
In equation (4), Δt t 2 − t 1 .
A defect was established in the straight pipe. e ratio of the cross-sectional area of the defect to the section of the tube section is 1/24, the circumferential length is 57.33 mm, the width is 2 mm, and the defect type is full permeability damage. e ultrasonic guided wave was excited at one end of the pipe, and the receiving sensor was set at a distance of 30 cm from the exciting end, and the defect was located 1 m from the exciting end. Using the Hilbert transform, the envelope diagram of the time domain graph packet is drawn, and the maximum value is considered to be the arrival time of the wave packet. e result is shown in Figure 19 . e signal excitation occurs at time zero, the rst receiving signal time is t 0 95.20 μs, the damage signal receiving time is t 2 362.35 μs, and the end echo receiving time is t 1 1127.85 μs. e damage distance is 998.31 mm from the calculated end. Considering the defect width of 2 mm, the actual defect distance is 998 mm. e error between the calculation result and the model is 0.17%, and the simulation result is more accurate than the calculation.
Single-Defect Imaging of the Axial Positions of Known
Defects.
e excitation end plane is taken as the cylindrical coordinate system z 0 plane, which makes the inside of the pipeline the z-axis forward direction. e signal receiving points are numbered in a clockwise direction, and the eight signal receiving points are evenly arranged along the periphery of the pipe segment, and they are numbered S1, S2, S3, ..., S8. e cylindrical coordinate system is in the direction of the zero point of the polar coordinate θ of the signal receiving point S1 direction. e model cylinder coordinate system and receiving point number are shown in Figures 20 and 21 , respectively. e circumferential angle of the defect is 15°, and the width is 2 mm. e receiving points are evenly arranged according to the symmetric axis of the defect, and the damage boundary is 998 mm from the plane where the receiving point is located.
It is assumed that the excitation and reception processes of the ultrasonic guided waves are performed in accordance with the shortest propagation path of the guided waves. e axial position of the defect is 998 mm, and the propagation path distances between the eight signal receiving points and the defect re ection point are calculated, as shown in Table 2 . e coordinates of the receiving point are de ned as (x 0 , y 0 , 300), and the coordinates of the re ection point are de ned as (x 1 , y 1 , z 1 ). e signal receiving point is substituted with the defect boundary re ection point angle coordinates θ 0 and θ 1 via the following transformation:
In equation (5), d is the outer diameter of the cylinder, which is 219 mm. en, the distance between the receiving point and the re ecting point can be expressed by the following equation:
e angular coordinates of the signal receiving points S1 through S8 are [θ 0 ] 0 0.25π 0.5π 0.75π π 1.25π 1.5π 1.75π ]. By substituting the received point angle coordinate value and the corresponding distance into equation (5), a circular trajectory curve centred on the signal receiving point can be calculated. Using MATLAB, the pipe length defect and the circular trajectory curve are drawn in the same cylindrical coordinate system, and the circumferential length of the pipe segment defect and the tting e ect of the defect imaging and the model defect can be obtained [19, 20] ; the imaging results are shown in Figure 22 .
In the cylindrical coordinate system, point A is expressed as (109.5, 7.42°, 997.80) and point B is expressed as (109.5, − 7.45°, 998.10). e intersection position represents the left and right boundaries of the damage, and the angular di erence between the two points is 14.87°, the actual damage hoop size is 15°, and the error is 0.87%. e above algorithm can e ectively re ect the damage information of the defect in the loop direction of the pipe segment, and the circumferential dimension of the pipe segment defect can be determined by drawing the two end positions on one side boundary, and then the damage degree can be ascertained.
Single Damage Imaging of the Axial Positions of Unknown Defects.
In the previous algorithm of damage imaging, there were three basic assumptions: (1) e actual axial positioning of the defect is known and the subsequent calculation with reference to it; (2) the signal propagation path of the sensor exists along a straight line, and the axial position of the defect can be calculated by using the data received by sensor S1; (3) the receiving sensor arrangement is symmetric about the defect, and thus, the guided wave signal has symmetry and regularity, and the signal has an intrinsic reference. e rst hypothesis was removed, and the numerical simulation was substituted to calculate the axial position of the defect at 998.31 mm. On this basis, the propagation path distances between the eight di erent receiving points and the defect re ection point are calculated, and the results are shown in Table 3 . In the cylindrical coordinate system, a circular trajectory is drawn with the eight signal receiving points as the centre and the signal propagation distance as the radius. Using MATLAB, the imaging results are shown in Figure 23 .
In the cylindrical coordinate system, point A is expressed as (109.50, −7.48°, 998.0) and point B is expressed as (109.50, 7.48, 997.9). e pipe segment has a circumferential orientation of 14.96°and an actual damage of 15°with minimal error.
Damage Imaging of a Single Defect in the Pipe Segment.
Excluding the three hypotheses mentioned above, only the damage model of the segment to the general condition of the defect is established. e model size and sensor arrangement are the same as before, and the defects in the previous model are deflected to ensure that the defect does not form a linear reflection with any of the receiving sensors. e defect does not form a symmetry with the receiving sensor, and the axis of the damage is assumed in the calculation. e orientation is unknown. e cross-section of the numerical model is shown in Figure 24 .
In Figure 24 , the circumferential angle of defect 1 is 15°, and the difference between the left boundary and the signal receiving point S1 is 10°. e type of defect is a through-hole crack with a width of 2 mm. It is now assumed that the relative position between the defect and the sensor and the axial position of the defect are unknown. Before calculating the axial position of the defect, a basic judgement of the positional relationship between the defect and the sensor is required. On the defect side, the height di erence between the re ection point and the reception point is a xed value, and the distance between the sensors is equal. Based on this condition, the data of the three sensors on the defect side can be used to locate and image the defect. e receiving point signal data are processed, and the total propagation distance of the ultrasonic guided wave signal between the receiving point and the defect is calculated, and the calculation results are shown in Table 4 . e propagation distance between the signal receiving point and the defect includes the linear distance between the signal passing through the receiving point plane and the re ecting point and the curved distance between the re ecting point and each signal receiving point. e straight line distance is set to h, and the distance between the signal re ection point and the receiving point S1 is x 1 . en, the relationship between the distances can be represented by Figure 25 . e distance data corresponding to the three receiving points of S1, S8, and S7 in the gure are selected, and the values of x 1 and h are determined to be 17.905 and 698.609, respectively, through the triangular relationship. e same method can be used to process the signal data on the other side of the defect, which results in x 2 36.19 and h 698.569. e axis distance data on both sides are averaged to obtain the axial position of the defect as ((698.609 + 698.569)/2) + 300 998.589 mm. e actual defect boundary distance is 998 mm from the excitation end, and the error between the three-point axial positioning result and the actual distance is extremely small.
MATLAB is used to draw a circular trajectory with the receiving point as the centre and the distance between the receiving point and the re ecting point as the radius, and the damage imaging is shown in Figure 26 .
In the cylindrical coordinate system, point A is expressed as (109.50, 24.50°, 998.30), point B is expressed as (109.50, 10.50°, 998.10), the circumferential angle is 14.00°, and the error is small and can re ect the damage degree information of the defect.
Double-Defect Identi cation and Positioning.
Due to the di erence in size, position, and circumferential relative position of the two defects, there are some di erences in the damage location. In this paper, only one form of double defect is used for positioning calculation. e nite element model was established, and the near-end defect 1 was set at a distance of 0.7 m away from the excitation end, and the distal defect 2 was set at a distance of 1.0 m away from the excitation end. e two defect shapes were equal in size and located on the same axis of the pipe segment. A schematic diagram of the model is shown in Figure 8 .
Local Defect Location.
e guided signals of the eight signal receiving points are extracted, and after the Hilbert transform, the near-end defects and the far-end defect echo data are obtained, and the data are sorted; the results are shown in Table 5 .
According to the three-point axial positioning method, the nearest three points are selected on both sides of defect 1. e distance data corresponding to the three receiving points S1, S2, and S3 are selected to calculate the coordinates of point A as (109.50, −6.54°, 697.768). e distance data corresponding to the three receiving points S8, S7, and S6 are selected to calculate the coordinates of point B as (109.50, 7.87°, 697.959). After combining the results of the two sides of the data, the axial positioning is averaged, the near-end defect is 697.864 mm away from the excitation end in the axial direction, and the difference from the actual distance of the model is 698 mm. e circumferential angle of the nearend defect is calculated to be 14.41°, which is smaller than the model defect size of 15°.
Remote Defect Location.
As before, the nearest three points are taken on both sides of the far-end defect: points S1, S2, and S3 on one side, and points S8, S7, and S6 on the other side. e distance data corresponding to the three receiving points S1, S2, and S3 are selected to calculate the coordinates of point A as (109.50, 6.62°, 998.051). e distance data corresponding to the three receiving points S8, S7, and S6 are selected to calculate the coordinates of point B as (109.50, − 7.75°, 998.147). e calculated circumferential angle is 14.37°; therefore, compared with the actual model distal dimension of 15°, the error is small.
e calculated axial positioning average shows that the far-end defect is 998.099 mm from the excitation end; compared with the actual distance of 998 mm, the error is small.
Combining the calculation results of the near-end defect and the far-end defect, the circular trajectory is drawn in MATLAB, and the defect boundary image is obtained as shown in Figure 27 .
Experiment Research
Straight Pipe Section Defect Detection Experiment.
is test mainly studies the identification of single damage in straight pipe sections. e specifications of the experimental pipe section used are length 3000 mm, pipe outer diameter 219 mm, pipe inner diameter 203 mm, and model 20# steel. Eight piezoelectric ceramic sensors are evenly arranged at one end of the pipe for exciting the ultrasonic guided wave, and eight piezoelectric ceramic sensors are uniformly mounted along the circumference at a distance of 30 cm from the excitation end for receiving the guided wave signal. e excitation sensor is on the same axis as the receiving sensor. e defect position is 1000 mm from the end face. e entire test process is shown in Figure 28: (1) e test pipeline is placed on a customized base, the surface of the pipeline is polished, the sensor and damage position are marked on the surface of the pipeline, and the piezoelectric ceramic sensor is pasted after wiping the installation position.
(2) Connect the signal excitation piezoelectric sensor with the signal amplifier, and connect the signal reception piezoelectric sensor with the oscilloscope through the dividing connector.
(3) Based on the numerical simulation results, the excitation frequency suitable for the test pipeline is selected, and the guided wave propagation law in the lossless pipeline is studied according to the waveform displayed by the oscilloscope.
(4) At the damage location marker, the crack is cut artificially, the ultrasonic guided wave is activated again, the data of each receiving sensor are collected, and the damage location is located by combining the nondestructive guided wave data. e test of the nondestructive pipe section structure is the basis for the identification and location of the damaged pipe. After the outer surface of the test tube is polished, the mark activates and accepts the sensor position. Eight piezoelectric ceramic sensors are attached to the end, and as the signal exciter, the sensors are evenly distributed on the same circumference, and each sensor is connected in parallel with each other and corresponds to the same guided excitation channel. At a distance of 30 cm from the excitation end, 8 sensors were attached to the coaxial line of the excitation end sensor as signal receiving means. e piezoelectric ceramic sensor paste diagram is shown in Figure 29 .
e ArbExpress software is used to compile the sinusoidal signals of different periods as the excitation signal of the active acoustic emission experiment, and this signal can effectively guarantee the signal-to-noise ratio of the guided wave signal. According to the numerical simulation results, the 5-cycle guided wave signal has the characteristics of energy concentration and high recognition. erefore, the guided wave signal with the number of cycles of 5 is selected as the excitation guided wave signal.
Referring to the excitation frequency of the numerical simulation, in the experiment, 70 KHz is preferred as the excitation guide centre frequency, and combined with the group velocity dispersion curve, in the range of 20 KHz to 80 KHz, the centre frequency of the excitation guide wave suitable for the test is found. Finally, based on the experimental results, the most suitable guided wave frequency is determined to be 50 kHz. According to the experimental comparison, when the excitation frequency is 50 KHz, the guided wave signal has the best quality. e time domain map of the ultrasonic guided wave in the tube is shown in Figure 30 . Shock and Vibration e nondestructive signal is subjected to Hilbert transform, and the initial receiving signal time is 109.1 μs, the end echo signal receiving time is 1125.7 μs, and the calculated ultrasonic guided wave propagation speed in the pipe segment is 5311.82 m/s. Combined with the dispersion curve, the theoretical value of the 50 KHz guided wave group velocity in the pipe segment is 5334.49 m/s, and the error between this wave velocity and the experimental value is 0.42%.
Single-Defect Pipe Section Experiment.
e position of the piezoelectric ceramic sensor that excites the guided wave and the received signal is the same as above, and the receiving sensors are numbered counterclockwise from S1 to S8. A ring-shaped through-hole crack with a length of 57 mm and a width of 2 mm was cut at a distance of 1 m from the excitation end, and the defect axis coincided with the S1 sensor axis. e centre point of the defect boundary near the excitation end was positioned at (109.5, 0°, 1000). e crack location is shown in Figure 31 .
In the experiment, eight excitation piezoelectric ceramic sheets were used to simultaneously excite the guided wave, the excitation frequency was 50 kHz, the excitation voltage was 10 V, and eight signal receiving sensor data signals were sequentially measured and saved in numerical order. e experimental data of the eight signal receiving points were extracted, and after the Hilbert transform, the first received signal time of the defect, the damage signal receiving time, and the end-face echo time were obtained; the sorted data are shown in Table 6 .
According to the three-point axial positioning method, the two end points on the single-defect boundary are points A(109.50, 22.95°, 996.724) and B (109.50, 22.95°, 996.724), respectively. e axial position of the pipe can be determined by the average of the axial positions of the above two boundary end points, which is 996.589 mm. In the experiment, the defect boundary near the excitation end of the pipe segment is located 1 m away from the excitation end face, and the error between the experimental measured value and the actual value is 0.34%; therefore, the error is small. In the loop direction, the calculated angular dimension is 43.39°, whereas the actual angular dimension is 30°; therefore, the error between the two values is large.
Damage Imaging.
e axial positioning results calculated above are substituted into Table 6 , and the propagation distance between the ultrasonic guided wave reflection point and each signal receiving sensor is obtained; the sorted distance data are shown in Table 7 .
e defect boundary trajectory is drawn in MATLAB, and the obtained defect boundary image is shown in Figure 32 . e MATLAB imaging results were combined and transformed them into a cylindrical coordinate system to obtain the two end points A(109.5, 20.50°, 996.50) and B (109.5, − 19.50°, 996.70) of the defect boundary. e axial defect of the pipe segment is 996.6 mm, which is very small compared with the previous calculation results. In the circumferential direction, the angular dimension is 40.00°.
Combined with the results of the above three-point axial positioning and circular trajectory imaging, it is not difficult to find that the three-point axial positioning method can effectively ascertain the axial position of the defect, and the circular trajectory imaging can also reflect the circumferential direction and length of the defect. However, both methods rely on the accuracy of the ultrasonic guided wave signal data. When using the experimental data for defect guided wave imaging, there is a case where there is a large error in the calculated hoop size and the actual size. e reasons for this error can be attributed to the following three points: (1) Uneven distribution of piezoelectric ceramic sensor arrays for guided wave excitation and reception in the circumferential direction of the pipe segments: in the experiment, there was a manual error in the positioning and installation of the sensors. (2) e effect of sensor size: the piezoelectric ceramic sensor used in this experiment has a specification of 25 mm × 4 mm, and the sensor size also affects the result of the guided wave signal reception. (3) e influence of the ultrasonic guided wave signal acquisition frequency: in the experiment, the accuracy of the guided wave signal acquisition is 0.5, and the ultrasonic guided wave propagation speed is 5311.824 m/s.
Conclusion
is work studies the influence of single defect and double defect on the propagation characteristics of L(0,2) modal guided waves analyzed for the straight pipe section structure. e three-point axial positioning method and circular trajectory imaging method suitable for single-defect and double-defect positioning and imaging of pipe segments are proposed and applied, and we established an experimental platform for tube segment structure defect identification, localization, and imaging research.
Numerical results indicate that the guided wave with the best damage recognition is excited at 70 kHz, the number of excitation signal cycles is 5, and the propagation path of the ultrasonic guided wave between the defect boundary emission point and the signal receiving point is not a straight line but spreads along the two simple, shortest paths. e relationship between the depth and circumferential length of the single defect and the reflection coefficient of the guided wave is discussed. As the circumferential length of the single-defect increases, the reflection coefficient of the guided wave increases linearly. With the increase in the depth of the defect, the reflection coefficient of the guided wave is linearly increased. During the investigation of the double-defect size, the distance between the double defects, and the relative positions of the double defects, the existence of near-end defects affects the damage guided wave recognition effect of the distal defect, and the new waveform formed by the boundary reflection of the near-end defect may be far away. e end defect reflection waveform forms a superposition, which reduces the signal recognition accuracy. e three-point circumferential positioning method and the circular trajectory imaging method can be applied in double-defect axial positioning and damage imaging of the pipe segment and can effectively reflect the axial positioning characteristics of the double defect and the axial dimension information of the double defect. For the results of ultrasonic guided wave detection of single-defect tube segments, the three-point axial positioning method and the circular trajectory imaging method can also be effectively applied. However, comparing the numerical simulation data imaging results, it can be seen that the above two methods have a strong dependence on the accuracy of the guided wave signal data. In other words, if the guided wave signal quality is poor, the above two methods cannot accurately reflect the axial positioning of the defect or the circumferential length information.
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